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CRYSTALLIZATION 0??SILICON FILMS ON GLASS:
A COMPARISON OF METHODS*

ROSS A. LE!!ONS*,MARTIN A. BOSCH**, AND DIETER HERBST**
AL~~ Al~~os Nat-J~nal Laboratory, Ms D429, LOS Alamos, NM 87545

**Bell Laboratories, Holmdel, NJ 07733

ABSTRACT

‘X’helure of flat panel displays has stimulated much re-
search on the crystallization of silicon films deposited
on large-area transparent substrates. In most respects,
fused q(!artz is ideal. It has high purity, thermal shock
resistance, and a softening point above the silicon melting
temperature. L’nfortunately, fused quartz has such a small
thermal expansion that the silicon film cracks as it cools.
This problem has been attacked by patterning with islands
or moats before and after crystallization, by capping, and
hy using Sili:ate glass substrates that match the thermal
expansion of silicon. The relative merits of these methods

are compared. Melting of the silicon film to achieve high
mohillty has been accomplished by a variety of methods in-
cludjn~ losers, el~ctron heamst and strip heaters. For low
meltfnp tmp~rnturc fllasses, surface heating with a laser
or clochron k:lm is essentfa] . Larger Rrains are obtained
with Phe il~Rllhffls temperature, strip heater technfquefl.
The ]ow-nn~le f:rain ?>o(jn~~ries cl,:l’~ct~rigjtic of these
film!: nlnvkc cnused by constitutional undercoolirig. A
mo(lrl IS ~lPvPJopPd to predict the boundary spacing ns a
f(lnc.t.fon nf scnn rate nnd temperature gradient.
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deposited silicon film to produce large crystal grains. With this material,

both switching and control circuitry potentially could be fabricated on a

single substrate.
The work on this problem has concentrated on transparent fused quartz sub-

str%?tes. In most respects, fused quartz IS ideal. It is available with high

purity and in arbitrarily large areas. It can be heated to the sil:can melting

point vithout dc=farmation, and it is resistant to themal rhock. utlfol2u-
nately, the thermal expansion coefficient of fused quartz (a% 0.5 x 10-6/oC)
is small corpared to that of silicon (~’1 3.5 x 1~-6/oC). AS the sflfcon COO]S

from the melt, its contraction relative to the fused quartz can prodtice severe
crazing of the film. Thfs problem is illustrated in Fig. 1. A I.O-pm-thick
~ilicon film was chemically vapor deposited on a 0.5-m-thick fused quartz
plate. A 2-!1argon ion laser beam focuseo to a ~250-pm-diam spot r-as scanned
across the film. This produced a pool of molten silicon (Fig. 1A) thet solidi-

fied at the trailing edge with single crystals up to 200 ~ x 20 ~ in size. A
network of cracks (Fig. lB) typically appesrs a few seconds after the film

solidifies.
Recently, various radi: t energy sources have been substituted for the

laser. Ceis et al. demonstrated uniform melting with a resistively heated
graphite strip in close proximity to the silicon film. 10 Similar
obtained hy focusing radiation from a tungsten filament 11~12 or anrZZZ1;1m~;7
on the film. This increases the working distance and reduces potential con-
tamination. To achieve a narrow melt zone across the full width of the sub-
strate, the sample must be heated to 1000-1300°C. In the graphite strip
heater cas~, this bias temperature is provided by placing the sample directly
on :1 res!stivel heated graphite plate. Other systems use a bank of incan-
descent l~mps.l; The distinguishing features of the zone welting techniques
.lr~ 1) hiph biIs temperature, 2) slow scan speed (O.l-l.O mm/s), and 3) much
tJidPr reel:perpendicular to the scan than along it.

To prevent the molten si]jcon frnm agg]omeratfng, the film fs enctipsu]nted
With S102 (Ftg. 2A). BY makin~ t~e encapsulation 1-2 ~ tt,ick, tbe
sllrfnce rmmnlns fl~t, nnd the res(!ltfn~ crystal texture is unffonr, 10 Films
crvstnlli?~d hy thfs method typically have very large grains (10 mm x 1 inrn)

with (lPO) crvstal plnnf=s parnllel to the suhstrfite. As shown in Fig. ?B, a
cl~llrort~risticfeature of silicon fjlms that have been microzone melted at
hictl bi:ls rwrpprntt:r~ is a network of low-nngle grnin ho~lnr!nries.]~ These
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Fig. 2A. Schematic showing tempo- Fig. 2B. Electron channeling mi-; ”

rary crack suppression with an en- crograph of a strip heater melted \

capsulating film. Si film on fused quartz. Cracks t
form when the encapsulation is re-
moved. .

ho~lndarfes separate crystallite with a 1-20 difference in the [100] di- -.
rection cut of the plane. A model to predict the spacing of these boundaries -
is developed in the last section.

The uniformity of crystal orientation in these films substantially improves -–.
electron mobility. Indeed , on Illsedquartz substrates where the film is urder -
tensile stress, mohilfties betl.er than in bulk siliccn have been measured. L5 -
l;nfort(lnately,this tensile stress also produces cracks (Fig, 2i3). These -
crncks ore less dense than in laser melted films? but they still make circuit
f:]bricat~onimpractical..

rR/fCKS1JPP?ES510FJTECHNIQUES

An ~nrap$:lllotfn~ Si02 film >]00 nm thick suppresses ~rack fomatfono
l!owewr, ~Jhr’n the Si02 is completely removed, a network of cracks inevitably
fnrms (Il]rjnp Sllhsecfupntprocessing, Much better performance is ob:ained by
c~~l’.’ r~movinp tbe Sf07 cap from the smnll Iglands wher~ devices are
Illi.lt.

tO hQ
:1s ~h(lIJrl jn l“iu. 3, this suhstnnti~]]y red!lces the number of cracks.
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A large fraction of the devices are

functional.16 This film was melted

with a %30 pm x U cm cylindrically fo-
cused argon ion l~tser beam in combi-
nation with an llOC°C bias temperature.
This hybricitechnique allolis large-area
zone melting with steeper temperature
gradients than a strip heater provides,
thus giving better melt stability and
more closely spaced low-angle graiu

boundaries, as discussed fn the last
section .17

An alternative method is to define
islands in the crystallized silicon
before removing the Si02 cap. The

idea is that sufficiently small islands
can wfthst~nd the stress without crack-

ing. There are two variations to this
approach. In the first, a photoresist
,layer is patterned into islands and
then baksd to protect the underlying
Siop. The exposed Si02 is removed with
a HF solution. The underlying Si and
th,~ photoresist are then removed with
a K.OHsolution. Finally, the Si02 over
the islands is removed. Unfortunately
cracks that form between the encapsu-
lated :slands often penetrate far
enough under the cap to nucleate cracks
within the islands when the overlying
cap is reroved.

In a variation of this technique,
moats are patterned ~n the photorcsist
to define islands. Both the Sioz
ond the Si are sequentially removed
from thr moots hefore the Si02 over
the rest of the aren is removed.
TIJPSG steps are shown schematically in
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Fig. 4A. Schematic showing pat-
terning with moated islands after
crystallization.

—

Fig. 4B. Unsuccessful fsland in
which cracks propagate through the
fused quartz.

F!~. 4.i. I’heid~a is t}latcracks-are suppressed by the Si02 while the moats _
are fnhrjc.lted. The moat~l would then prevent cracks from propagating into the
i!?lilnds when the Si02 In removed. Aa shown in Fig. 4B, surface cracks in the ~
fl]~er! qllijrtz ~f~en a]low cracks to cross the moats int,othe islands.

A hettl’rsolution is to pattern the silicon film prior to crystallization, ~
lls ~~hown schematically in Fig. 5A. This technique was used by Kamir’s and
I)t:)nettit in their early work on silicon c~stn]lization on fused quartz.18
Tlf{!l[!c;l[s,t~ (l~fine Islands slnal~ en~)ugh tO withstand the stress. Isolated
i:;l;lnd:;,however, have two problems. The first is mass transport. When aili-
(?on m{~lt::, tllr volume is reduced %12%, which causes the nilfcon island to pull
;1Wiry :rom lt~ originrrl boul]dcry, oftcr leavin~ void~ along the edge. Con-
Vl,rf;ply,wllvntl~o!+lllC!On :\oliclifieH,(t expnnd~ %12% to form u sharp pinnacle
witli 1.1)(.l:l~]tmntori:ll to tmem. ‘rho remedy for this problem i~ to pattern
tllr!;LI{coII I;lt(j ton}?, nnrrow ~trip~, r-other than islands. The molten zone 1s
t 1)(*11p:!! :f;($d ,1 ion}\ ~tlt’ ICnl]ttl of LI1(! !lt” lp. In t}~~s way, the contraction and
Oxp;III!; 1(1 II I)rol)lr$tnfl :lrl~ rcloRntOd L() PIIP vnds,
ri~lt(F~}[.7B).

nnd the center iR uniform and
‘rho ~t(t~~n(jprot)l[~m is I’d[le cr)~l in F,. If the ~ilicon in melted

Wltil l“:l[l [$111o11 t Il:lt IH wonkly i;h~;[)rl,{~(j Ill t.hv n~lrroundirl~! fuwed qunrtz, th@
. .. . . . ..—. .. ..— ------



PRE-PATTERNED ENCAPSULATED
YARROw STRIPES I

/
~ FILM DEPOS[T[O$4
I FUSEDSILICA AND PATTERNH’JG/

/SINCLECRY=AL SILICON

1’
-,

F 4 ‘1—— -. I
snowing Dac - Fig. 5B. Micrograph of a crack-

L—

Fig. 5A. Schematic

ternlng into moated islands- pilor \

to c~stallizatiom.

free, pre-patterned strip showing
nucleation due to edge cooling.

edges of the strips remain cooler than the center. This causes crystals of --
random ori~ntation to nucleate along the edge (Fig. 5B), resulting in reduced-
devlre perfonrrance.

The edue cooling can he remedied by depositing additional absorbing films,
such 8s pO]ySilfCOn, either above or below the isolated s.trips.lg A simpler -
approach is to define the strips with a narrow moat.18B19 In this way, radi---
ation absorbed in the surrounding polysilicon suppreeaes edge coolin~. One ,
problem with the moat techniqlle is that cracks can propagate th:-ough the sur-
face of the fused quartz. The polysilicon surrounding the moats should also-
tre pattrrned to reduce cracks.

Anothpr solution to the Edgz cooling problem isi to shape the laser beam to -
prefer-ntinlly heat the edges.~g Various ❑asking and interference techniques “
hav~ bven ~lsed for this purpo6e. Another elegant approach is to melt the sili-
con !Jith rndiation that is absorbed more strongly in the tused quartz than in -
the siliron. This is easily done with the A = 10.6 pm line of a C02 lager and
nntilrally provides the desired temperature profile. 20 With a hotter edge, a
crystal n’,lclcus Forminfi in the center can spread to make a single crystal-
islarlrl.

Lnnr!, nnrrnw str~ps with internal moats and C(I2 lager heating have been sorn-
hind wrv wlcce+s~fully nt the Xerox Research (%nter. 21 Am shown scFematicnllY
{n FIx. 5A, tlw centrnl rnonteri regjon usually eolidifiea as a min~le cvstal, “-
ryp!c,l]l”. ,~lfl ]fm x 25 ]Err. WhPn tbe encaps!llntjon jg rpmnved, the outer silicon -
rrInvcrm k IIut thp jnner js]ands are oub~tan~~n]ly free of cracks. ,,.

.



The annealing point is defined as the temperature at which the glass vis-
cosity is 4 x 1013 poise. Above this temperature, nonuniform stres~ can

easily distort the plate. Empirically, we found that if these glasses were

supported on a f] .; substr~te they could Le heated to 620°C for up to 1 hour.
This is the temp~r cure used for silicon deposition by pyroiytic decomposition
of SiH4.

The low softening temperature of the silicate glasses requires the silicon
to be melted by surface heating. This is easily done with a focused argon ion
laser beam. As shown in Fig. 6, the resulting crystal structure is comparable

to that obtained on fused quartz. The zone meSting techniques can not be used
with silicate substrates because the high bias temperature would melt the
glass.

The thermal expansion of these glasses 1s plotted in Fig. 7 as a function
of temperature for comparison with the expansion of silicon and fused quartz.
These glasses follow the thermal expansion of silicon up to tiOO°C, but they

expand substa.tially more than silicon at higher temperatures. This applies a

tensile stress to the silicon during heating that is relieved when the silico~
melts. As the silicon cools from the melt, it is under a compression that ef-
fectively suppresses cracking.

The key problem with the silicate Slass substrate is that impurities in the
glass can diffuse into the si?icon, ruining the electronic characteristics.
As shown in Fig. 8, alkali metals are a particular probldm. This sample of
type 7740 glass was coated with 1.0 pm of Si02 Lefore the 1.O-\mrSi layer was
deposited. The secondary ion mass spectroscopy depth profile shows that sodfum
from the glass diffused through the silicon before the deposition was complete.
The boron in the glass was effectively bl~cked by tht Si02 layer even after
laser melting.

To isolate the glass impurities from the silicon, composite buffer layers

Are required. Our best results were obtained on type 7059 glass using a
l.O-pm layer of Si02 for adherence, a 2@0-nm layer of Si3N4 to block alkali
metal diffusion, and a second l.O-pm Si02 layer to provide a better electrical
interface for the l.O-pm Si layer.

AS yet, devices have not be~~n fabricated in these films. Novel processing
techniques must replace the Ili.gh-temperaturesteps in conventional integrated
circuit processing. In particular, the gate oxide, which is usually grown at
115(PC, must now he grown at 6500C or below. Two possibilities are plasma oxi-
dation ~nd high-pressure oxidation. The risk of contaminating existing silicon
processing facilities with impurities from the glass has also precluded devlc~
IIlhrication.

LOW-ANCLF CRAIN 130UNDARY FORMATXON



Fig. 6. Electron channeling micro-
graph of large grains produced by
laser melting a Si film dzposited on
a silicate glass substrate with a
Si02 buffer layer.

Udo

5000

1000

0
I

i I I I

7059

o 200 400 600 800 I mo

i“
.—
1:

i-_
I TEMPERATURE (“C)

1-

Fig. 7. Comparison of the thermal
expansion of Si, fused quartz, and
glzss types 1723, 7059, and 7740 as
a function of temperature.
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‘rO explore the effects of constitutional undercooking, consider the hypo-

thetical phase diagram (Fig. 9A). This pinse diagram has a character similar
27 but has been simplified forto the published silicon-oxygen binary system

illustration. For very low impurity concentration, we assume that both the

liquidus and solidus are straight lines and that the segregation coefficient
isk= 0.1, as shown in Fig. 9B. Thus , if the impurity concentration in the

solid is Co = 1 x 1018/cm3, the impurity concentration in the adjacent liquid
is Co/k = 1 x lo19/cln~. As the melt zone is scanned, impurity atoms are re-
jected from the solid, building up a concentration gradient in the liquid
ahead of the fnterface, as shown in Fig. 9D. In the simnle diffusion model ,28
this concentration gradient is given by the expression:

[

(3 ( )1
-k)exp -:x

c(x) = co 1 +
k

(I)

where R is the scan rate at-idD is the diffusion crefficfent >f the impurity in

the liquid. When the concentration gradient is referred tn the phase diagram,
it implies that the freezing temperature of t!~eliqu~d {TL) also has a spatial
dependence given by

[
(l”-!() ‘ R

TL(x) = To - mCo 1 +~—
( )1exp ‘5X (2)

where To is the freezing temperature of pure silicon and m is the slope of
the liquidus. This curve is plotted in Fig. 9E using convenient parameters.

In the simple theory of constitutional undercooking, a linear temperature

gradient of slope G imposed on the melt is assumed. If

mCoR
(1 - k)

G<7 ——
(3)

k

there is a region (Fig. 9E) where the actual temperature is below the equi-
Iibri(lm freezing temperature. Thfs region is constitutionally undercooked.
Theref~re, a perturbation of the interface that enters this region will tend
to grow.

Let us ass~lme that the projection grows until it no longer has undercooked
liquid ahead of it. The projection length would be the distance from the
avera~e interface to the intercept of the temperature curve and the equi-
libr~!~mfreezinR temperat(lre curve, as marked with the dashed line in Fig. ?E.

If the prnfection iS constra~ned hy (111) growth facets, it will have the
Cbaracteristlc tr~angular shape. Thu S , tbe spacfng of adjacent low-angle

hotlnrlaries will be comparah]e to the length of the undercooked region

fFiR. ‘F). This allows UC to cal hate the dependence of grain Follndary spac-
fnR on both temperature gradient and scan speed. These relations are most

~,~sily expressed as a function of the length of the Ilndercoo]ed region, Xo.

!JP obtain

mC

:-Q++ - ‘Xp (-9.)]G “ —x—

R“ -1) /x [[● In 1- 1(/(1-k)”
() 1

Gxo/me,)]

(b)

(5)
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The .~ener<~, character of these
curves corresponds with observation.
Increasing the temperature gradient
reduces the boundary separation. For
example, the boundaries in Fig. 2B that
have a 50-100-Lnnspacing were produced
with a l-mm-wide graphite strip.

Whereas the 5-10-P spacing in Fig. 3B
were produced with a \30-pm-wide laser
beam that provides a much steeper
temperature gradient. As yet, we have
not been able to obtain a sufficiently
steep gradient to eliminate the bounda-
ries.

It has also been observed that the
boundary spacing is reduced by lowering
the scan speed. Geis23has reported a

a x1/2 dependence,X. which does not
show the sharp knee of Fig. 11. Our
measurements show a small increase in
spacing ~~ith scan speed, in keepi~g
with the flat portion of F?.g.11, hut
we have not observed the abrupt de-
crease in spacing at slow speeds.

This simple model does not take
into acco(lnt lateral impurity segre-
Xatjon. In a metal that does not
facet , lateral segregation causes an
increase in boundary separation as the
scan speed is reduced because there is
more time for the impurity to dif-
fuse.~8 However, in a material such
as silicon where the facets are hounded
by (111) planes, the separation of ad-
jacent projections is constrained .
This should reduce the effect of later-
al segregation. Nevertheless, lateral
segregation may make the change in
boundary spacing with scan speed less
abrupt.

In considering which impurities
might cause constitutional undercook-
ing, oxygen and nitrogen are potential

200

m=100C

k = 0.1

I

I 1 i 1 1
50 100 150 200 250 300

TEMPERATURE GRA31ENT(C/c,m)

10. Predicted grain boundary ~
spzcing as a function of the ther- 1
mal gradient.

/
D= 104 cm2/s

G= 100C/cm

co = 103

m=100C

k=O,l

I

o 0.5 1 1,5 2

SCAN RATE (mm/s)

Fig. 11. Predicted grain boundary

spacing as a function of scan rate.

candidates. These elements ;re commonly found in the substrate or capping
layer or in the atmosphere in which the melting is perfotmed. Distinguishing
such impurities from the capping layer may be tiifftcult becau~e they may
sef;reg,~teto the surface. In addition, only small concentrations may be
needed . The examples used a Concentration of Co = 10-3. However, as seen fn
~qs. (4) and (5), t}?:.key factor is k/mCo. If k were smaller or m were lar~er,
a milch small(?rconcentration wo~lld prod~lce the same result.

COFJ(T[J5TOF!



I.1

Silicate glass substrates exchange the thermal stress problem for contami-
nation and processing problems. The development of an expansion matched, pure,

high melting temperature substrate could make an important impact on this

field.
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